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Torrefaction is suggested to be an effective method to improve the fuel properties of 
biomass and gasification of torrefied biomass should provide a higher quality product 
gas than that from unprocessed biomass. In this study, both raw and torrefied 
Miscanthusxgi'gfznten^ (MxG) were gasified in an air-blown bubbling fluidized bed 
(BFB) gasifier using olivine as the bed material. The effects of equivalence ratio (ER) 
(0.18-0.32) and bed temperature (660-850 °C) on the gasification performance were 
investigated. The results obtained suggest the optimum gasification conditions for the 
torrefied MxG are ER 0.21 and 800 °C. The product gas from these process conditions 
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had a higher heating value (HHV) of 6.70 MJ/m 3 , gas yield 2 m 3 /kgbi om ass (Hi 8.6%, 


CO 16.4% and CH 4 4.4% ) and cold gas efficiency 62.7%. The comparison between 
raw and torrefied MxG indicates that the torrefied MxG is more suitable BFB 
gasification. 






Keywords: biomass, miscanthus, torrefaction, bubbling fluidized bed gasificat 


mass balance 

1. Introduction 


Torrefaction is being widely investigated as a promising thermal pre-treatment 
method to upgrade the fuel properties of biomass prior to further thermo chemical 
conversion. The majority of published reports on torrefaction investigate the influence 
of torrefaction conditions on the fuel properties of biomass, for instance the moisture 
content of biomass decreases after torrefaction which can increase the energy 
efficiency of gasification processes as extra energy is needed to evaporate the moisture 
and maintain the appropriate temperature in the gasifier (Van der Stelt et al., 2011). 
Unstable volatile compounds, also known as tar precursors (Sweeney, 2012), can be 
decomposed during torrefaction which implies torrefaction could potentially decrease 
the tar content in the product gas from a gasification process. The energy consumption 
required for biomass grinding is also significantly reduced after the biomass is 
torrefied (Phanphanich & Mani, 2011) which is important for those applications where 
a reduction of the fuel particle size is needed. The energy density of torrefied biomass 
is enhanced due to the reduced O/C and H/C in the biomass (Bridgeman et al., 2008). 
Additionally, it is reported that the surface area and porosity of biomass changes with 
the conditions of torrefaction (Chen et al., 2011a). This suggests that biomass torrefied 
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under proper conditions could give a higher gasification efficiency as higher surface 
area and porosity can increase the contact area between the fuel and gasification 
medium and accelerate the rate of reactions and mass transfer. 


Fisher et al., (2012) reported that the combustion and gasification (using H 2 O/N 2 as 
the gasifying medium) reactivities of chars produced from torrefied willow is lower 
than those of raw willow. Min et al., (2011) gasified pyrolysed agricultural waste with 
a mixture of CO 2 /N 2 and reported that the overall char reactivity decreased with an 
increase of pyrolysis temperature. It should be noted that both studies were carried out 
using a thermo-gravimetric analyser. The reactivity of the samples was evaluated by 
the mass loss rate. But the mass loss rate is not always identical to the reactivity of 
feedstock from the perspective of reaction mechanism of gasification, for example the 
release of volatile matters. 


tion mecna 


Extensive research has been carried out to investigate the influence of torrefaction 
on the fuel properties of biomass and its potential effects on the gasification process, 
for example Prins et al., (2006) compared three gasification scenarios from the point 
view of mass and energy balances and reported that torrefaction prior to gasification is 
a promising method to achieve more efficient gasification of wood. Publications 
reporting gasification of torrefied biomass in actual gasifiers are rare. Couhert et al., 
(2009) gasified raw and torrefied wood samples in a high temperature entrained flow 
reactor with 20 vol. % steam in N 2 . They concluded that torrefied wood produced more 
H 2 and CO than raw wood at 1400 °C. Chen and co-workers (2013) numerically 
compared the performance of raw and torrefied bamboo and high volatile bituminous 
coal in an entrained flow gasifier using O 2 as the gasification medium. It was found 
that torrefaction made the gasification behaviour of biomass approach that of coal; the 
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torrefaction was able to facilitate syngas formation from biomass gasification. 
Moreover, the cold gasification efficiency of torrefied bamboo was improved by 88% 
compared to raw bamboo under the optimum conditions. Stelt et al., (2011) reported 
that torrefaction is the most cost-effective and environmental friendly technology for 


the Biomass-to-Liquid (BTL) plant located in the Netherlands with a capacity of I 


MWth synthesis gas. 


r? 


: 




1000 


As there are relatively few reports in the scientific literature with detailed 
investigation of process conditions for the gasification of torrefied MxG, the objectives 
of this study are to: (1) investigate the influence of main gasification parameters, such 
as equivalence ratio (ER) and temperature, on the performance of torrefied MxG in an 
air-blown bubbling fluidized bed gasifier; (2) propose the optimal conditions for the 
gasification of torrefied MxG; (3) preliminary comparison of the gasification 


characteristics of raw and torrefied MxG from the point view of gasification efficiency. 

2. Materials and methods 

2.1 Biomass torrefaction, characterization and bed material 

The biomass feedstock used in this study, Miscanthus x gigcmteus (MxG) pellets , 
were supplied by JHM Crops, Ireland, which were crushed to less than 5 mm. It was 
torrefied using a batch reactor at 250 °C at 20 °C/min. The average yield for all 
batches was 76 wt. %. The torrefied MxG was milled in a ball mill prior to 
characterisation and testing. 


The properties of the raw and torrefied MxG are presented in Table 1. The methods 
can be found elsewhere (Xue et al., 2014). Ash content and volatile matter content are 
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expressed on an as received basis. Fixed carbon content was calculated according to 
Basu (2010a). The bed material used in this study was non-calcined olivine (250 - 500 
pm) supplied by Eurogrit, the Netherlands with bulk and absolute densities of 1573.8 


and 3171.5 kg/m 3 respectively. 

2.2 Experimental gasifier 






The experiments were carried out on an air-blown bubbling fluidized bed gasifier at 
Energy Research Centre of Netherlands (ECN). The reactor consisted of a bed section 
(500 mm high and 74 mm internal diameter (ID)) and a freeboard section (600 mm 
high and an ID of 108 mm). Both sections were externally heated. The gasification 
medium ( air and N 2 ) were introduced through a gas distributer at the base of the 
gasifier. The solid fuel was fed 50 mm above the gas distributer by means of a feeding 
screw. The detailed information can be found in the report published by Paasen et al 
(2006). 


fiX 


2.3 Experiment proced 
2.3.1 Gasification procedure 

For each experiment, the gasifier was charged with 1.15 kg (725 ml) of raw olivine 
and heated to a set point 50 °C lower than the desired gasification temperature before 
feeding commenced. The feeding rate of biomass was constant (~580±11 g/h) for all 
the gasification tests conducted on the torrefied material. The equivalence ratio (ER) 
was defined and calculated using the methods described by Thomas and Allan (1993). 
In order to keep the fluidization conditions the same for all tests, a stream of pure N 2 
was added to keep a constant gasification medium flow when th ER was varied. It 
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should be noted that only the N 2 from air was accounted in the product gas. The 
superficial fluidisation velocity was calculated according to Siedlecki et al. (2011). 

Once steady state was achieved, tar ( solid phase adsorption (SPA)) and moisture 
samples were taken (see section 2.3.3). The composition of the produced gas was 



..—» <v 

Before each experiment was finished, a known flow rate of Ar (0.4 dm /min) was 
introduced into the gasifier together with the gasification agent (air and N 2 mixture) to 
calculate the flow rate of the product gas (see section 2.3.2). The flow of Ar was 
maintained for at least 20 minute after its concentration measurement had stabilized. 
The flow rate of product gas was calculated according to equation (1) using the 
concentration of the internal standard gas-Ar. Where, p pro d U ct gas , Pair, and Ar represent 
the flow rate of product gas (dm Vmin) and air (dm 3 /min), the concentration of Ar (%) 
in the product gas after the additional Ar was introduced. 




( 1 ) 


The rate of biomass feeding and generation of elutriated char in the cyclone were 


calculated as average values during the gasification period. 



.2 Product gas analysis 


The composition of the filtered dry product gas, which passed through the cyclone 
and both the hot and cold filters was determined using a Varian, CP4900 Micro-GC 
that had been calibrated using five different gas mixtures (step concentration) prior to 
the experiments. An ABB gas analyser was used to determine the H 2 and 0 2 content. 
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The gas analysis was carried out according to the method described by Paasen et al. 


(2006). 

2.3.3 Moisture quantification 


<? 




A simple method was used to determine the moisture content of the product gas 
an Ni containing gas. Specifically, 100 ml of hot gas was drawn through 1 g of 
phosphorous pentoxide (P 2 O 5 ) at 50 ml/min allowing the gas to cool down to room 
temperature (about 25 °C) and achieve a full adsorption. The moisture content was 
calculated as the mass gained after adsorption. Although most of the tar compounds 
will condense and be adsorbed, the mass of moisture in the product gas is expected to 
be an order of magnitude higher than tar which makes this method sufficiently accurate 
for the present purpose. 


2.3.4 Tar analysis 


.O 

by means o 




T 


The tar samples were taken by means of SPA according to the method described by 
Osipovs, (2009). The tar compounds were extracted by dichloromethane (DCM) and 
Phenol-d 6 and Naphalene-d 8 were added as internal standards. An Agilent 7890A Gas 
Chromatograph (GC) coupled with a HP-5MS capillary column (5% diphenyl 95% 
dimethylpolysiloxane) and triple-axis MSD 5975C was employed to identify and 
quantitatively analyse GC detectable tar compounds. In order to increase the accuracy, 
the phenolic compounds quantified by Phenol-d 6 , all the rest were quantified by 
Naphthalene-d 8 . At least two duplicates were used for all the samples. 


2.3.5 Gasification efficiency 
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The higher heating value of product gas, HHVp (MJ/m 3 ) and cold gas efficiency 
(CGE), t|cg% were determined according to Basu, (2010b) while the carbon and 
hydrogen conversion efficiencies, p c (%) and t|h (%) respectively were determined 
according to Basu, (2006): 


2.3.6 Mass balance and distribution calculations. 


ifier (product 




The mass balance is defined as the ratio of mass output from the gasifier (jp: 
gas, elutriated char, tar and moisture) to input to the gasifier (biomass and air) in order 
to evaluate the overall fuel utilization efficiency of a gasification process or apparatus. 
It should be noted that it was assumed that there was no biochar accumulation within 
the gasifier and the mass of biochar in the gasifier was constant, so there was no need 
to consider how much char remained in the bed after gasification. This assumption has 
been used by other researchers Siedlecki et al., (2009). 


The mass input from the biomass was converted into the input of carbon (C), 
hydrogen (H), nitrogen (N) and oxygen (O) (kg/h) on a moisture and ash free basis 
(corresponding to the elemental analysis). The moisture from the biomass was divided 
into the H and O input. The mass flow of air was calculated from its volumetric flow 
rate (dm 3 /mihf and density. The mass flow of the gas species in the air (N 2 , O 2 and CO 2 ) 
was calculated according to their mole fractions and converted to CHNO flow (kg/h). 
The sum of all elements represented the overall mass input. The mass flow rate of each 
gas species (kg/h) in the product gas was calculated as the product of its density 
(kg/m 3 ), concentration and yield of the product gas (m 3 /h). Char elutriation (collected 
from the cyclone) was estimated as the average value over the entire period of 
gasification. Char samples collected after gasification were analyzed for moisture, ash 
and elemental composition. The moisture content of product gas was taken from 
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section 2.3.3. Each stream was included in the CHNO output. The sum of CHNO from 
all the streams was the overall mass output. It should be noted that the mass of tar was 
included as moisture according to the assumption made in the Section 2.3.3. 


3. Results and discussion 


3.1 Differential thermo-gravimetric (DTG) analysis of raw an 


miscanthus 


Co 


id torn 


rrefied 




Lignocellulosic biomass consists of three main constituents: cellulose, hemi- 
cellulose and lignin. Because of intrinsic differences in the chemical structure of these 
constituents, they can be distinguished and identified using thermo-gravimetric 
analysis on the basis of the differing pyrolytic reactivity they exhibit (Chen & Kuo, 
2010; Chen, 2011b). 


O 

influence 


In order to understand the influence of torrefaction on the lignocellulose 
composition of the MxG, both raw and torrefied MxG were subjected to the thermo- 
gravimetric analysis (TGA). Approximately 5 mg of sample was used for each 
experiment and the sample was heated at a rate of 10 °C/min from room temperature to 
110 °C and it was maintained for 10 minutes to evaporate moisture. Subsequently, the 
temperature was increased to 900 °C at the same heating rate and it was maintained for 
10 minutes. The entire process was performed under a Ni purge flow. Figure 1 shows 
the difference in the chemical nature of the torrefied and raw MxG. The thermogram 
can be divided into three regions. From room temperature to 105 °C, the peaks 
originated from the evaporation of moisture in the biomass. As raw MxG has higher 
moisture content than torrefied MxG a higher peak ought to be expected. In the 
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temperature range of 105 and 380 °C, a shoulder peak at -300 °C (partially merged) 
was observed in addition to the main peak at 340 °C for raw MxG. These peaks reflect 
the decomposition of hemi-cellulose and cellulose respectively. In the case of torrefied 
MxG, only a single large peak appeared at -343 °C representing cellulose degradation. 
This suggests that most of the hemi-celluloses were decomposed during the process of 
torrefaction. The proportion of cellulose was augmented compared to that of raw 
miscanthus. In the third region between 380 and 900 °C, the curves slowly approached 
the x-axis which is the typical decomposition pattern of lignin. It should be noted that 


the peak of torrefied miscanthus was higher in the range of 380 and 480 °C indicating 
higher lignin content. 


dr 

ition of pr 




3.2 Effect of equivalent ratio (ER) 

3.2.1 Effect of ER on the composition of product gas 


ER is an important gasification parameter having a significant influence on the 
composition of the product gas from air-blown biomass gasification as well as overall 
gasification efficiency. In this study the effect of ER was investigated between 0.18 to 
0.26 (at a constant temperature (800 °C) and biomass feeding rate). Different ERs were 
obtained by changing the proportion of air and Ni flows, but the total amount of 
fluidization medium remained the same at 12.3 dm /min. The change of gas 
composition in the product gas as a function of ER is plotted in Figure 2 (a). It can be 
seen that the concentration of IT and CO decreased from 10.2 to 6.4% and 17.0 to 
14.5% respectively with increasing ER. The main reason for the decrease of IT and 
CO is the increased stoichiometric O 2 supply which gives rise to oxidation reactions of 
(5), (9) and (10), listed together with the other main reactions (2)-(10) occurring during 
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gasification. This was verified by the increased concentration of CO 2 in the product gas 
which increased from 13.7 to 15.0%. Similar results were reported by other researchers 
(Karatas et al., 2012; Manya et al., 2006). Additionally, the N 2 content in the product 
gas was increased from 51.59 to 57.33%, due to the diluting effect of higher ER. The 

X 




concentration of light hydrocarbons decreased by 10 to 20% over the ER range. 


C + CO 2 +-> 2CO + 172 MJ/kmol 

2C + O 2 —> 2CO - 222 MJ/kmol 

CO + H 2 0 +-> H 2 + CO 2 - 41 MJ/kmol 

C + O, -> CO , - 394 MJ/kmol 


(3) 

(4) 

(5) 



C n H rn (tar)f nH,0 —>(n -(- m/2) H, +nCO Endotherrai 


C n H m (tar>i-nCQ —>(m/2)H +2nCO Endotherrai 


C + H 2 0->H 2 + C0 +131 MJ/kmol 


2CO + 0 2 + 2CO 2 - 566 MJ/kmol 


2H 2 + O 2 -> 2H 2 0 - 484 MJ/kmol 


( 6 ) 

(7) 

(8) 
(9) 

( 10 ) 


3.2.2 Effect of ER on the performance of gasification 

Figure 2 (b) illustrates the effect of ER on the higher heating value (HHV), gas 
yield, carbon/hydrogen conversion and cold gas efficiency. It shows that the HHV 
decreased with increasing ER up to a value of 0.23, due to the reduced concentration of 
CO and H 2 which were consumed by oxidation reactions (section 3.1.1) and the 
diluting effect of increased N 2 in the product. Similar results have been reported by 
other researchers (Arena et al., 2010; Kim et al., 2013). However, when the ER was 
increased from 0.23 to 0.26 no further decrease in HHV was observed. This may be 
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due to minor increases in the concentration of light hydrocarbons probably induced by 
tar cracking. Although the increase in concentration of ethylene and methane was 
changed slightly, they have much higher HHV than that of CO and H 2 . Thus, a slight 
change in their concentrations can have a significant influence on the value of HHV. 


.<? 




The cold gasification efficiency, which were in the range of 54.9 to 62.7%. 

The gas yield is defined as the flow rate of dry gas produced to mass flow rate of 
dry ash free feedstock. As can be seen in Figure 2(b), the gas yield increased with ER. 

UJ 

While the measured data showed an obvious trend, the actual values may be subject to 
some determinate source of error which was not identified at the time of experiments. 
With regards to carbon and hydrogen conversion, they were in the range of 73.5 to 
82.5% and 54.9 to 62.7% respectively. The obvious increases at the highest ER 0.26 
could be the result of tar cracking. Chen and co-workers reported similar results (Chen 
etal., 2013). 

ibsolute; 


3.2.3 Effect of ER on the absolute gas yield 


The absolute yield of each gas species on the basis of unit mass of biomass 
(m Vkgbiomass) is of great importance for its potential utilization, and consequently it is 
presented in Figure 2 (c) and (d). It was observed that the absolute yield of H 2 
decreased progressively from 0.184 to 0.138 m 3 /kgbi oma ss with the increase of ER. As 
expected, the yield of CO 2 increased with ER and had the highest value in the product 
gas at an ER of 0.26. On the other hand, the yield of light hydrocarbons was an order 
of magnitude lower than that of main gas species and remained relatively constant. 
Amongst the hydrocarbons, CH 4 was the most abundant component and followed by 
C 2 H 4 . The contents of ethane, acetylene, benzene and toluene were very low and were 
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not measurably affected by a change in ER. It can be concluded that the optimal ER for 
torrefied MxG was 0.21. 


3.3 Effect of temperature 

3.3.1 Effect of temperature on the composition of product gas 




<t 




s 


Since the temperature is another critical parameter which potentially has 
significant effect on the gasification process, it’s influence was investigated between 
660 and 850 °C for the optimal ER 0.21. It should be noted that the slight fluctuation of 
ER for the temperature trials resulted from the minor changes in the biomass feeding. 
Figure 3 (a) presents the changes in gas composition of the product gas as a function of 
gasification temperature. It was observed that the concentration of IE increased from 
5.5 to 10.4% when the temperature in the bed was raised from 660 to 850 °C. It may be 
the overall result of the promoted water gas shift (WGS) reaction (4), dry (7) and wet 

(6) tar reforming and the water gas reaction (10) (Mayerhofer et al., 2012; Mohammed 
et al., 2011). The content of CO rose from 12.4 to 17.8% which could be due to the 
improved Boudouard reaction (2), carbon partial oxidation (3) and water gas reaction 
(8). This trend is in agreement with results published by other researchers (Lahijani & 
Zainal, 2011; Mayerhofer et al., 2012; Mohammed et al., 2011). On the other hand, the 
content of CO 2 fell from 16.7 to 12.9% in the same temperature range. This 
observation differs from a study by Lahijani and co-workers’ (2011). But Mohammed 
et al., (2011) reported a similar trend observing a decrease of CO 2 content with 
temperature for the gasification of palm empty fruit bunches. The suggested reason is 
that the CO 2 was consumed, as mentioned, by the Boudouard (2) and tar dry reforming 

(7) reactions. In addition, at elevated temperature in the gasifier the exothermic water 
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gas shift reaction (4) was shifted to the H 2 O and CO side which lowered the yield of 
CO 2 (Figure 3c). In the case of N 2 , it was fell moderately from 59.1 to 51.7% due to 
improved gasification and tar cracking reactions. The trends of light hydrocarbons did 
not show obvious variations in Figure 3 (a), but their absolute yield experienced 
significant changes that will be discussed in Section 3.3.3. 


3.3.2 Effect of temperature on the performance of gasification 






The HHV, gas yield and gasification performance (carbon/hydrogen conversion 

n be seen that tl 


and cold gas efficiency) is presented in Figure 3 (b). It can.be seen that the overall 
influence of temperature on the gasification results and performance is opposite to that 
of ER (Figure 2 (b)). It was observed that the HHV experienced a slight increase from 
660 to 700 °C, followed by a significant rise between 700 and 850 °C and peaked at 

a 

7.05 MJ/m at the highest experimental temperature. The gas yield increased by 23.5% 
from 1.7 to 2.1 m 3 /kgbiomass which resulted from the promoted biomass pyrolysis and 
gasification, tar cracking/reforming and endothermic char gasification reactions (Pinto 
et al., 2003). Accordingly, the cold gasification efficiency was lifted by 70%. 
Meanwhile, the conversion of carbon was improved by 34% and hydrogen conversion 
by 69% with the increase of gasification temperature. 


3.3.3 Effect of temperature on the absolute gas yield 


The absolute yield of both major and minor gas species is plotted in the Figure 3 (c) 
and (d) respectively. In the Figure 3 (c), it is seen that the yield of CO increased 
substantially with temperature. It started to increase from 0.210 m 3 /kg biomass at 660 °C, 
exceeded the yield of CO 2 at 800 °C and reached its highest value at 850 °C with 0.365 
m 3 /kgbiomass- On the other hand, the highest yield of CO 2 was observed at 700 °C and 
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then it decreased progressively with increase in gasification temperature. Regarding H 2 
its yield more than doubled from 0.092 m 3 /kgbi 0 mass at 660 °C to 0.214 m 3 /kgbi 0 mass at 
850 °C. As presented in Figure 3 (d), the yield of C 2 H 4 , C 2 H 2 and benzene increased 
with increasing process temperature which is in agreement with previous work on 
thermal decomposition of hydrocarbons (Taralas et al., 1991). But that of C 2 H 6 was 
decreased. The yield of light hydrocarbons from the temperature tests was of the 
similar magnitude to that of ER tests (Figure 2 (c) and (d)), but fluctuated more 
significantly when the temperature changed which implies that the influence of 
temperature is more significant than that of ER on the yield of light hydrocarbons. It 
should be noted that agglomeration was not observed for any of the temperature tests 
except test 8 in which the bed was defluidized approximately 50 minutes after the 
temperature reached 850 °C. Considering the sustainability of gasification process, 
quality of product gas, overall energy yield and gasification efficiency of all the 
temperature trials, the temperature of 800 °C was nominated as the optimum 
temperature. Thus the optimal condition for the gasification of torrefied MxG was 0.21 
ER and 800 °C temperatures (test 2). 


5.4 Compari 


_ tempe 
- 


son of raw and torrefied MxG 


An experiment was initially designed to gasify the raw MxG at the optimal 
conditions (ER of 0.21 and 800 °C ) resulting from the tests of torrefied MxG, so as to 
compare the performance of the two different feedstocks. But the actual ER calculated 
after the test (based on the actual biomass feeding rate) for the experiment with raw 
MxG was found to be 0.32 which deviated significantly from the set point (0.21) 
because the biomass feeding rate had changed. The altered ER made it impossible to 
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draw conclusions in the manner planned. The detailed investigation will be conducted 
later on. 

3.5 Mass balance and distribution 


The mass balance and mass distribution for all the gasification tests conducted in 
this study is presented in Table 3. As can be seen, the mass balances for all the cases 
were higher than 100% indicating the output was higher than the input, deviation 
(above 100%) was calculated and is presented above each column. The possible 
reasons of discrepancies are that: (1) many different kinds of analysis were carried out 
to provide data for the mass balance calculation (measurement errors); (2) the errors 
which are not possible to be eliminated completely can be accumulated and 
exaggerated after multiple calculations; (3) there was a systematic error in the gas yield 
determination, which would also lead to a systematic error in the cold gas efficiency; 
(4) tar compounds could be adsorbed by P 2 O 5 (section 2.3.3) and calculated as 
moisture. Since the scale of errors is relatively small, the results are considered to be 
acceptable. The discussion of mass balance for gasification process is scarce in the 
scientific literatures. The deviation of results in mass balance were only found in a few 
publications (Siedlecki & de Jong, 2011; Siedlecki et al., 2009). 

It is seen that both torrefied and raw MxG were mainly converted into permanent 
gases. It should be noted that the overall performance of torrefied and raw MxG (test 2 
and 9), the mass of product gas from both tests was almost the same; however, the 
amount of elutriated char and moisture fraction were 5.8 and 2.2 times lower for the 
raw biomass (test 9). 
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4. Conclusion 


Raw and torrefied MxG were gasified in an air-blown BFB gasifier to investigate 
the influence of ER and temperature on the gasification performance. The gasification 
of torrefied MxG yields 1.7-2.2 m 3 /kgbi om ass product gas with a LHV between 4.7 and 
6.6 MJ/m 3 . The gas yield increased with gasification temperature. The conversion 
efficiency increased with temperature but fluctuated when ER was elevated. 
Preliminary comparison suggests that torrefied might be superior to raw MxG from the 
perspective of gasification efficiency. Torrefaction prior to gasification is a promising 
route for the energy production via air-blow BFB gasification. 
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(b) * HI IV o Gas yield (extra Nfree) - A- Carbon conversion 

— 0— Hydrogen conversion — O— Cold gas efficiency 






r 




oo 

C/5 

c3 


.2 

IS 


2 

."2 

crt 

C3 

toD 

■*—> 

_3 

"o 

c/o 

D 

< 



0.18 


0.21 


0.23 


0.26 


X 


ER 


Figure 2 (c) 


Page 27 of 34 


Conversion/efficiency, % 




























































ACCEPTED MANUSCRIPT 


(d) 



C,H, 





Figure 3 (a) 


Page 28 of 34 
























































ACCEPTED MANUSCRIPT 


(b) ■ HHV - e— Gas yield (extra N, free) - A- Carbon conversion 
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Table 1. 


Proximate analysis (as received) (wt. %) 

Raw 

Torrefied 

A 

Moisture 

8.76 

2 /rST 

Volatile Matter 

77.78 

69.49 

Ash 

2.78 

4.21 

Fixed Carbon 

10.68 

23.89 

Ultimate analysis (dry and ash free basis) (wt.%) 

N 

0.66 

0.73 


47.81 

54.76 

H 

° 

6.16 

<0.01 

6.09 

<0.01 

45.37 

38.42 

HHV (dry basis) (MJ/kg) 

17.13 

20.90 
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Table 2. 
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Table 3. 


Test No. Product gas Elutriated char Moisture Sum Error 


1 

97.82 

2.42 

9.99 

110.23 

-10.23 

2 

99.17 

2.12 

9.62 

110.91 

-10.91 

3 

94.51 

1.71 

12.94 

109.15 


4 

98.54 

1.37 

12.56 

112.47 

-12.47 

5 

90.83 

0.95 

11.25 

103.03 

-3.03 

6 

102.20 

0.86 

O' 

7.63 110.70 

-10.70 

7 

98.29 

1.60 


106.63 

-6.63 

8 

102.12 

2.23 

111.56 

-11.56 

9 

100.63 

0.36 

4.31 

105.29 

-5.29 
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Highlights: 

1. Torrefied Miscanthus was gasified in an air blown BFB. 

2. The gasification conditions were ER (0.177-0.315) and temperature (660-85C 
°C) 


3. The gasification performance of raw and torrefied Miscanthus were 

4. Moisture content of product gas was measured. 

5. Mass balance of the gasification tests were conducted and com] 
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